Gangliosides make a wide family of glycosphingolipids ubiquitously expressed in mammalian tissues and particularly abundant in the brain and nervous system. They exhibit a huge diversity due to structural variations in both their oligosaccharidic chain and ceramide moiety, which represent a real analytical challenge. Since their discovery in the 1940's, methods have persistently improved until the emergence of Liquid Chromatography/Mass Spectrometry (LC/MS) which offers a high level of specificity and sensitivity and is suitable with high-throughput profiling studies. We describe here a comprehensive approach relying on various techniques and aiming at fully characterizing gangliosides in biological samples. First, total ganglioside content was determined by a biochemical assay. Second, ganglioside class composition was assessed by high performance thin layer chromatography followed by colorimetric revelation. Then, ceramide types of ganglioside classes were identified and their relative quantification was performed thanks to the development of a powerful and reliable LC/MS method. Finally, ceramides were structurally characterized and minor and less common ganglioside classes were identified using high resolution MS. These methods were applied to the rat retina to provide an exhaustive description of its ganglioside composition, giving the base for a better understanding of the precise roles of gangliosides in this tissue.
Introduction
Gangliosides (GG) make an extremely wide and heterogeneous family of glycosphingolipids.
They are amphiphatic molecules composed of a hydrophobic ceramide moiety on which a hydrophilic oligosaccharidic chain is branched ( Figure 1A ). The presence of one or more sialic acids in this chain makes the distinctive feature of GG. Since their first definition by Klenk in 1942 after their isolation from brain tissue and ganglion cells (1) , almost 200 GG have been described, presenting with differences in the structure, number, order and linkage of the sugar residues (2) . The structural complexity and diversity of GG is reinforced by the variability of the ceramide moiety, depending on the length, saturation and hydroxylation of both the long chain base (LCB) and the fatty acid (FA). GG result from the sequential glycosylations and sialylations of the ceramide precursor, as illustrated on the biosynthetic scheme presented on Figure 1B . The distribution pattern of these GG classes is specific to the tissue, cell type, differentiation status or developmental stage (3) . GG are present primarily in the outer leaflet of the plasma membrane and are assumed to be concentrated in ordered microdomains referred to as lipid rafts (for reviews on the concept, see (4) (5) (6) (7) ). Their bifunctional role is directly linked to this special localization. First, they are implicated in cell-matrices and cell-cell recognition events. They are receptors for microorganisms and their toxins and also interact with other glycosphingolipids, counterpart lectins and adhesion receptors such as integrins. Second, they modulate transmembrane signaling, mainly by interacting with growth factor receptor-associated protein kinases. Through these functions, GG can regulate cell proliferation and apoptosis, adhesion, migration and differentiation (8) .
While GG are ubiquitously expressed in mammalian tissues, they are particularly abundant in the brain and nervous tissues. The role of GG in the nervous system has been extensively investigated and their importance is now well established (9) . In vitro, GG have been associated with neuritogenesis, survival and adhesion of neural cells (8) . In vivo, expression levels of GG undergo dramatic changes during brain development, characterized by an increase of complex GG, i.e. with longer polysaccharidic chains. In recent years, the phenotype of a number of knockout mice for GG synthase genes has been characterized. These models present with varying degrees of neurological disorders at the fentomol level. These improvements have enabled to study GG in tissues where they are not as abundant as in nervous tissues (plasma, milk, various cell types…). Tandem ESI-MS also allows for quantification provided that appropriate internal standards are used to normalize for differences in ionization and fragmentation of molecular species. Moreover, high resolution and high mass accuracy of some mass analyzers enable effective molecular structure elucidation, which, in the past, relied on cumbersome comprehensive chemical analyses. Higher precision in the analysis has offered the possibility to elucidate oligosaccharidic chains and thus identify novel GG molecules of potential importance. It has also allowed characterizing the ceramide moiety of GG, whose heterogeneity significance is still largely unknown. Finally, the relatively high throughput capabilities of MS have enabled the emergence of "omic" approaches in the field of glycosphingolipids, giving access to the diversity of molecular species of GG (24) . This paper offers a comprehensive and progressive approach to analyze GG in a biological sample.
First, total GG content was assessed with the biochemical resorcinol assay and GG class pattern was determined by HPTLC coupled to colorimetric revelation. Then, LC/MS enabled for the determination of the various ceramide types represented in each GG class and their relative quantification. Finally, ceramide types were structurally characterized and minor GG classes identified thanks to high resolution MS. We applied these methods to the rat retina and thus provided an exhaustive description of the diversity of GG molecular species in this tissue, prerequisite for a better understanding of the precise roles of GG in the retina. 
Quantitative determination of protein content
The 40 µL aliquot of retina homogenate was lysed by adding 10 µL of 5X Ripa buffer, on ice for 30 min. After clearing by centrifugation (10 000 g, 10 min, 4°C), total protein content was measured on the supernatant using the BCA method (BCA protein assay kit according to manufacturer's instructions, Pierce Biotechnology, Thermo Scientific, USA) with bovine serum albumin as a standard (Sigma-Aldrich, USA).
Extraction, separation and purification of gangliosides First, total lipids were extracted from the samples dissolved in 0.5 mL H2O, overnight at 4°C, with 10 volumes (5 mL) of CHCl3/CH3OH (1:1, v/v). The residual pellet obtained after centrifugation (1 500 g, 5 min) was re-extracted twice with 2 mL of the same solvent. The three lipid extracts were combined, dried under a stream of nitrogen and re-dissolved in 3 mL CHCl3/CH3OH (1:1, v/v). Second, GG were separated from other lipids by phase partition by adding 1 mL H2O. After centrifugation, the upper aqueous phase was collected while the lower organic phase was re-extracted twice with 2 mL CH3OH/H2O (1:1, v/v). The three upper phases containing GG were combined, dried under a stream of nitrogen and re-dissolved in 2 mL CH3OH/PBS 10 mM (1:1, v/v). Third, this GG extract was desalted on a C18 silica gel column (SepPak Vac 6cc, 500 mg, Waters, USA) washed with 7 mL CH3OH and pre-equilibrated with 7 mL by guest, on August 28, 2017 www.jlr.org Downloaded from CH3OH/PBS 10 mM (1:1, v/v). After washing with 10 mL H2O, purified GG were eluted with 6 mL CH3OH and 4 mL CHCl3/CH3OH (2:1, v/v). GG obtained from the retinas of 4 rats were pooled in CHCl3/CH3OH (2:1, v/v) and stored, under nitrogen, at -20°C until further analyses.
Quantitative determination of ganglioside-bound sialic acid content Ganglioside-bound sialic acid (GG-NANA) was measured on purified GG extracts, using the procedure of Svennerholm with slight modifications (25) . Commercial sialic acid (N-Acetylneuraminic acid, NANA, Sigma-Aldrich, USA) was used as a standard for the assay. Standards (0-30 nmol NANA) or aliquots of GG extracts (equivalent to 3.5 retinas) were first dissolved in 0.25 ml distilled H2O and placed to react with 0.25 mL of resorcinol reagent at 110°C for 20 min in a water bath. The resorcinol reagent was prepared as follows: 10 ml resorcinol 2% (Sigma-Aldrich, USA), 40 mL hydrochloric acid, 0.125 mL 0.1 M copper sulfate. After cooling in ice, 0.75 mL butyl acetate/1-butanol (85:15, v/v) was added to the tubes in order to extract the purple-blue color resulting from the reaction of sialic acids with the resorcinol reagent. The upper solvent phase was collected after centrifugation (1 500 g, 3 min). Optical density was finally read at 580 nm in a spectrophotometer.
Ganglioside analysis by High Performance Thin Layer Chromatography Aliquots of the GG extracts (equivalent to 2.5 retinas) were applied to an HPTLC plate (Merck, Germany). The plate was developed in CHCl3/CH3OH/0.2% CaCl2 (55:45:10, v/v/v) for 45 min, sprayed with resorcinol reagent and covered with a clean glass plate to be heated at 120°C for 20 min. GG, appearing as purple-blue bands, were identified by co-migration with standards. A standard curve was also performed for each GG class by spotting increasing known amounts of GG standards on a HPTLC plate. A densitometric analysis of the GG-bound sialic acid detected on the plates was performed, using a CCD camera (Chemidoc TM MP System from Biorad, USA). Retina GG were then quantified using the standard curves established for each GG class.
Ganglioside analysis by liquid chromatography coupled to mass spectrometry
High Performance Liquid Chromatography Liquid chromatography was performed using a Dionex UltiMate™ 3000 LC pump from ThermoScientific (USA) equipped with an autosampler. Separation of GM3, GM2, GM1, GD3, GD1a, GD1b, GT1b and GQ1b standards was achieved under HILIC Scientific, USA) from aliquots of GG extracts equivalent to a tenth of a retina. The precursor and product ion pairs for the SRM analysis were selected based on the precursor ion scanning but some species were not considered in SRM because they stand below the quantification limit (Signal /Noise < 10). Each sample was injected in triplicate. The proportion of each molecular species of a specific GG class was calculated as the ratio of its peak area to the sum of all detected peak areas in this class, every GG class being considered separately. The accuracy and repeatability of the method were evaluated by performing between-day and within-day precision using a GG standard mixture as well as a rat retina GG extract. 
Results
Measurement of the ganglioside-bound sialic acid content GG-NANA content is frequently used as an estimate of the total GG content of a biological sample, the presence of sialic acid being a distinctive feature of GG among lipids. It was measured using colorimetry as described under Materials and Methods section. Rat retinas contained an average of 3.0  0.59 µg GG-NANA/mg protein which was equivalent to 9.7  1.91 nmol GG-NANA/mg protein (n=9, mean ± sd). Those levels were in accordance with previously published data in different species (chicken, rat, calf, pig), which stand between 5.9 and 9.7 nmol GG-NANA/mg protein (26) (27) (28) . However, the colorimetric reaction of the sialic acid molecule with resorcinol seems to be partially dependent on the nature of the GG that carries it. Especially, it appeared that the intensity of the signal of a nmol of sialic acid decreases with the complexity of the oligosaccharidic chain of the GG carrying it, the simplest ganglioside GM3 giving the signal closest to free sialic acid (commercial NANA used as a standard for the assay) (Supplemental Figure 1) . As a consequence, the GG-NANA content of samples rich in complex gangliosides, such as nervous tissues, will be, to some extent, underestimated.
Evaluation of the ganglioside pattern by HPTLC A diversity of GG classes exists depending on the number, nature and sequence of the residues making the oligosaccharidic chain ( Figure 1B ).
Ganglioside classes of rat retina were separated by HPTLC and revealed with resorcinol reagent as illustrated on Figure 2A . Based on comigration with standards, rat retina appeared to contain mainly complex polysialylated gangliosides: GD3, GD1a, GD1b, GT1b and GQ1b. Minor amounts of monosialogangliosides (GM3 and GM1) could also be detected, as well as an unidentified class running just above GD1b. The GG composition of rat retina was determined by densitometric analysis of the HPTLC plate thanks to calibration curves we established for each GG class (Supplemental Figure 2 ). The distributions estimated from the four pools of retinas tested were very similar. Results expressed as nmol GG/mg protein are shown in Figure 2B . GD3, GD1b and GT1b were found to be expressed in almost equal amounts (1.7, 1.7 and 1.5 nmol/mg protein, respectively), accounting for protein (12% of the total nmol of GG detected) and GQ1b at 0.6 nmol/mg protein (9% of the total nmol of GG detected).
Determination of the ceramide composition of the different ganglioside classes by LC/MS
In order to further characterize the GG present in rat retina, a LC/MS method was developed. We chose to separate the GG classes using LC prior to the ESI-MS analysis and thus optimized a method of Hydrophilic Interaction liquid Chromatography (HILIC) separation. This technique has been shown to be particularly suited to the separation of highly polar molecules, such as GG (29, 30). In our study, ammonium acetate was added at 10 mM to the mobile phase system of ACN/H2O to enhance separation, resolution and selectivity using a HILIC silica column. By optimizing the concentration of ammonium acetate, the flow rate and the use of a pertinent gradient, a good baseline separation of GM3, GM2, GD3, GD1a, GD1b, GT1b and GQ1b classes was achieved in a short analysis time. Only GM1 co-eluted with GD3, which could however be distinguished thanks to mass spectrometry. A precursor ion scanning in the negative mode of the NANA at m/z 290, characteristic fragment of GG, was first performed using the triple quadrupole (QqQ) mass spectrometer. Results obtained are illustrated in Figure 3 giving a representative total ion chromatogram of rat retina GG. Gangliosides corresponding to commercial standards were detected, confirming the identification previously made by HPTLC: GM3, GD3, GD1a, GD1b, GT1b and GQ1b. A few additional minor peaks could also be detected in between major GG classes (, , ,  and ). They did not correspond to commercial standards and required high resolution mass spectrometry to be characterized (see Orbitrap results below). The precursor ion scanning also allowed for the detection of the different molecular species present in the major GG classes. Indeed, each GG class exists in a number of molecular species, depending on the specific LCB and FA forming the ceramide moiety, which can both vary in length and number of unsaturations ( Figure 1A ). The different species detected are listed in Table 3 . GM3
and GD3 presented with the highest diversity (11 and 12 ceramide types, respectively) while the other GG classes were composed of 6 to 7 ceramide types. Ceramides ranged from 34 to 42 carbons, with one or two unsaturations. Assessment of the molecular species distribution in the major ganglioside classes The use of selected reaction monitoring (SRM) in the negative mode with QqQ mass spectrometer enabled to quantify the distribution of the different GG molecular species. The proportion of each molecular species was expressed as the ratio of its peak area on the ion chromatogram to the sum of all detected peak areas in its GG class, every GG class being considered separately. The method was first validated using both a mixture of commercial GG standards and a sample of rat retina GG in order to account for matrix effect. Between-day and within-day precision results are given in supplemental Tables 1   and 2 . For mixture of GG standards, most of the CV values were below 5%. For rat retina GG, CV values were higher but most of them were below 20%. The highest CV values were observed for low proportion molecular species and in GG classes that exhibited the lowest signal intensities in LC/MS (GD1a, GD1b and GQ1b). Overall, our method offers a reliable way to determine the relative distribution of the molecular species present in the various GG classes. However, if the method is to be used to compare the relative distribution of GG species between different biological samples, we consider it will not be reliable for species presenting a CV value higher than 20%. The relative distribution of GG species of rat retina given in Figure 4 reveals discrepancies among the different GG classes. However, ceramide 36:1 and 38:1 consistently appeared to be the two major ones, except for GM3 and GD3.In the tetraosylgangliosides (GD1a, GD1b, GT1b and GQ1b), ceramide 36:1 and ceramide 38:1 accounted respectively for 66% to 71% and 11% to 27% of all molecular species detected. The presence of ceramide 34:1 in large amount (34% of all species detected) seemed to be a specificity of GD3 which contained also a high proportion of ceramide 36:1 (43% of all species detected) and ceramide 38:1 (12% of all species detected). GM3 exhibited a more diverse distribution with similar proportions of ceramides 34:1 (17% of all species detected), 36:1 (19%), 38:1 (18%), 40:1 (12%) and 42:1 (15% mass of the molecule. The fragmentation spectrum of GD3 is given as an example in Figure 5 . Results, summarized in Table 4 , revealed that three distinct LCB coexisted in rat retina GG: d18:1, d20:1 and d18:2. d18:1 (sphingosine) was by far the most widely represented. It was found in every GG class unlike d20:1 LCB which was more specifically detected in GD1a and GD1b, although in minor proportion in GD3 and GT1b as well. d18:2 was found exclusively in GM3. In contrast with standards of GM3 and GD3 originated from bovine buttermilk (data not shown), d16:1 was absent in rat retina GG. Of note, traces of d17:0 could also be detected in GM3 and GD3. As for the FA, they were more diverse (8 different types), saturated or monounsaturated, ranging from 16 to 24 carbons. However, 18:0 was the most abundant FA found in rat retina GG. GM3 and GD3 molecular species also contained 16:0 and 20:0 in significant proportions. 20:0 FA was found in GT1b as well. Those results are overall in accordance with elder data obtained in bovine retina using gas chromatography (32) which described d18:1 as the major LCB in GD3 while GD1a, GD1b and GT1b LCB were distributed between d18:1 and d20:1. However, some discrepancies appear in the FA distribution. 18:0 remained the major FA, followed by 20:0 but the authors reported higher proportions of 22 and 24 carbon-FA.
Also they did not detect any 16:0 FA. These differences might be due to animal species particularities.
Moreover, while our LC/MS technique ensured that the molecules analyzed are GG, gas chromatography results could be polluted by contaminants still present in the sample, such as phospholipids, after the GG extraction procedure. In the gas chromatography analyses, LCB and FA were analyzed and identified separately. Thus, the technique did not allow determining the ceramide type. On the contrary, the LC/MS method we developed allowed determining which LCB was associated with which FA. Overall, d18:1/18:0 appeared to be the most frequently found ceramide type in rat retina GG: almost 20% of GM3 molecular species, more than 43% of GD3 molecular species and around 70% of GD1a, GD1b and GT1b ceramide types. d18:1/16:0 was the second most important ceramide species in GD3 (34%) and GM3 (20%) while it was very minor in GD1a, GD1b
and GT1b. In place of d18:1/16:0, d20:1/18:0 was the second most abundant types in GD1a and GD1b, while it was absent or very minor in GM3, GD3 and GT1b. d18:1/20:0 was the second most abundant ceramide in GT1b (26%), while it accounted for only 12% of GD3 ceramide types and was minor in GD1a and GD1b. It was also important in GM3 (18%). GQ1b molecular species could not be characterized due to their low amount.
Identification of the minor classes of gangliosides
The high variability in the oligosaccharidic chain results in a huge number of distinct GG. A full scan in positive mode using the high resolution mass spectrometer LTQ-Orbitrap enabled us to detect and identify less abundant and less frequently reported GG, for which no commercial standard is available. This is illustrated in Figure 6 showing ion chromatograms of 36:1 ceramide types of every di-, tri-and quadri-sialylated GG detected. 36:1 ceramide was chosen since it was the major one in our rat retina GG extracts. On top of GD3, GD1a, GD1b, GT1b and GQ1b, analyses revealed an additional GG class, GT3. Its retention time in between GD1a and GD1b led to think that it corresponded to the unidentified band previously detected in HPTLC ( Figure 2 ) and in LC/MS with the QqQ mass spectrometer (Figure 3 , peak ). Moreover, it revealed the presence of acetylated forms of some GG classes, especially acetylated GD3, GT3, GT1b
and GQ1b. Analysis of the MS 2 fragmentation spectra of the major 36:1 molecular species of acetylated GD3 and GT3 revealed that the acetylation was carried by the last sialic acid for GD3 and alternatively by the last and the middle sialic acid for GT3. This observation suggested that acetylated spectrometer , , , and , respectively ( Figure 3 ). Very minor amounts of acetylated GD1a and GD1b could also be detected. However, we did not detect any acetylated forms of monosialylated GG.
Of note, we did not detect N-Glycolylneuraminic acid containing GG in our samples and NAcetylneuraminic acid was the only form of sialic acid present in rat retina GG. HRMS also enabled the identification of the ceramide types present in these GG classes. A list of every molecular species detected is given in Table 5 . As for the major classes, ceramides ranged from 34 to 42 carbons, with one or two unsaturations. Overall, acetylated forms of GG existed in a lower diversity of ceramide types (2 to 7) than the non-acetylated ones. Ceramides 36:1 and 38:1 were found in every major and minor GG classes.
Assessment of the molecular species distribution in the minor ganglioside classes As for the major GG classes, the QqQ mass spectrometer was used in SRM mode to quantify the distribution of the different GG molecular species of the minor GG classes. The precursor and product ion pairs were selected based on the LTQ-Orbitrap results but some species were not considered in SRM because they stand below the quantification limit (Signal /Noise < 10) (see Table 5 ). Results are given in Figure 7 . Except for the GT3 class in which the acetylated form accounted for more than 30% of all molecular species, acetylated GG remained very minor in our analytical conditions (6% for GQ1b, 1.6% for GT1b and 0.4% for GD3). For acetylated GD3, GT1b and GQ1b, the major ceramide types were the same as those found in the corresponding non acetylated classes: ceramides 34:1 (12% of all ceramide molecular species detected), 36:1 (75%) and 38:1 (13%) for acetylated GD3; ceramides 36:1 and 38:1 for acetylated GT1b and GQ1b. Those observations corroborated the results of Lydic et al.
except that these authors did not detect ceramide 38:1 in acetylated GQ1b (31). They also reported a much higher proportion of acetylated GG, especially for GT1b and GQ1b. The distribution we observed for the acetylated GT3 appeared to be more surprising. Indeed, ceramide 36:2 was the major type found in acetylated GT3 (36% of all ceramide molecular species detected) while it was very minor in GT3 (1%). Moreover, ceramide 42:1, which was among the most abundant in GT3 (21%), was undetectable in acetylated GT3. Of note, the low amount of some minor GG classes (acetylated GD1a and GD1b) did not permit a reliable quantification of the distribution of the ceramide types. 
Discussion
Ganglioside analysis faces many difficulties. First, GG exhibit an original and complex biochemical structure, containing both a hydrophilic and a hydrophobic moiety. They are glycosphingolipids and belong to both the glycome and the lipidome. Second, GG make a very wide and diverse family of molecules due to the heterogeneity of both the oligosaccharidic chain and the ceramide moiety. Third, they are expressed in low abundance in plasma membranes, especially relatively to the other amphiphatic components of membranes that are phospholipids.
Densitometric analysis of HPTLC plates after resorcinol revelation has long been considered a gold-standard for the study of GG and is still widely used. It gives an image of the GG pattern of a biological sample. Yet, the approach chosen to analyze the HPTLC plates and express the results will affect the conclusions drawn regarding the GG distribution. GD3 is thus usually considered the most abundant GG in mammalian retina (26) (27) (28) 33) . This is based on direct evaluation of signal intensities by scanning resorcinol-stained HPTLC plates. The proportion of each GG class is determined by the ratio of its peak area to the sum of every peak, corresponding to the total GG-bound sialic acid detected on the plate. However, as for the GG-NANA content assay, which aims at measuring in solution the total amount of sialic acid, the detection is based on the colorimetric reaction between resorcinol and sialic acid. While this reaction should not be impacted by the ceramide types of the GG, it is to some extent dependent on the GG class and it tends to underestimate the representation of the most complex GG, as we report here. For this reason, it is more accurate to quantify each GG according to the reaction of its own class, by establishing calibration curves. This way, we showed that, in rat retina, GD3 is actually represented in equal proportion to GD1b and GT1b, the two other bseries gangliosides. It remains that GD3 abundance seems to be a specificity of the mammalian retina.
Indeed, chick retina, as other types of nervous tissues, especially brain, contain mainly tetraosylgangliosides (GM1, GD1a, GD1b and GT1b) (9, 27, 33, 34). Another limitation of this analytical technique stands in the uncertainty of GG identification which is based on comigration with standards and to the resolution of the chromatography, which might not be sufficient to separate some GG classes that would co-elute. Moreover, the sensitivity of HPTLC coupled to colorimetric detection Orbitrap mass spectrometer as mass analyzers. These apparatus offered a GG identification much more reliable than HPTLC associated to colorimetric revelation since it is based on the detection of a specific fragment ion common to every GG class, and on the exact mass of the molecule. It gave us confirmation regarding the identity of the GG classes of rat retina we previously observed in HPTLC (GM3, GD3, GD1a, GD1b, GT1b and GQ1b). In addition, high resolution enabled us to identify unknown classes for which no commercial standard is available. We thus identified GT3 and acetylated forms of many GG classes: GD3, GT3, GD1a, GD1b, GT1b and GQ1b. In term of sensitivity, LC/MS is about hundred times more efficient than HPTLC coupled to resorcinol revelation since it enables GG detection in the range of tenths of pmol of sialic acid. Moreover, the advent of mass spectrometry nowadays offers great possibilities to perform glycolipidomic studies and apprehend more easily the huge diversity of GG. Especially, it enables to scan the variety of GG molecular species by characterizing their ceramide moiety. The first reports using MS go back to the 1990's with structural characterization of a single GG (39, 40). Profiling studies really started quite recently (30, 38). Previous data on ceramide composition of retinal GG were obtained in the late 1970's with indirect and less efficient techniques. Authors identified fatty acids, on one hand, and long chain bases, on the other hand, using gas chromatography techniques (32). Thanks to the mass spectrometry techniques described here, including high resolution, we were able to identify combinations of FA and LCB and determine the distribution of the different ceramide types among a GG class. This fine analysis will help decipher the role of the variability of the ceramide moiety in GG, which is gaining interest with the emergence of the raft concept in cellular signaling. The current view is that plasma membrane contains organized microdomains enriched in cholesterol, sphingolipids, including GG, and signaling proteins forming platforms implicated in membrane signaling and trafficking (41). Specific microdomains called glycosynapses have been described as specially enriched in GG (8, 42) and GG biological functions are more and more considered to be linked to their presence into these microdomains and to their capacity to modulate the functioning of these signaling platforms (42, 43). GG are anchored into membrane microdomains through their ceramide moiety so it is likely that the ceramide type will influence GG presence within specific microdomains and their interaction with signaling partners. It will thus be of interest to understand how differences in ceramide types will affect GG biological functions. Beside, MS data will offer new perspectives to better understand the metabolism of GG. Especially, the characterization of ceramide types and their distribution will reveal how the proportion of GG ceramide molecular species fluctuate during the course of GG biosynthesis and thus provide information regarding biosynthetic pathways of GG and their modified forms. It will also give clues to understand the biosynthetic connections between the different GG classes. We revealed that ceramide 38:1, for example, did not actually correspond to the same major molecule in GM3, GD3 and GT1b on one hand (d18:1/20:0), and in GD1a and GD1b on the other hand (d20:1/18:0). It thus seems that precursor GG with a specific type of ceramide are preferentially used to give rise to specific GG products along the biosynthetic scheme.
However, the discrepancies observed between the ceramide profile of GD3 and GD1b and the similarities between GD1a and GD1b are quite intriguing. Indeed, GD1b belongs to the same b-series GG as GD3, which is its precursor. On the other hand, GD1a and GD1b are isomers but belong to different GG series, and thus do not share the same precursor. The discrepancies we highlighted between the molecular species distribution of GT3 and its acetylated form were also unexpected.
Besides, it appears that this molecular species distribution is specific to the tissue since the pattern we describe here for rat retina is completely different from the one reported by Ikeda et al. in mouse brain (38). Of note, they also observed differences in the ceramide profile of GD3 and its precursor GM3 using similar techniques. No doubt current knowledge regarding GG biosynthetic pathways will be enriched by the new pieces of information that will result from the development of powerful analytical techniques such as LC/MS.
While mass spectrometry offers new perspectives into GG analysis, pure standards to be used as internal standards as well as individual standards to establish calibration curves are still missing from commercial sources. They are required to normalize for differences in extraction efficiency as well as differences in ionization and fragmentation of GG classes and individual molecular species in order to achieve a proper absolute quantification. Indeed, regarding the detection, we observed that the signal response of the different GG classes with the QqQ mass spectrometer varies quite importantly. The intensity of a GG class peak is not directly proportional to its absolute amount in the sample, relatively to the other GG classes, but reflects the response of this specific GG class in MS. This is illustrated in supplemental Figure 3 . Monosialogangliosides give a high signal while polysialogangliosides such as GD1b and GQ1b tend to give a low signal. These discrepancies could be due to differences in ionization, fragmentation and formation of mono or multicharged ions under our conditions. It is thus not appropriate to rely on this technique to compare the amount of a GG class with other classes present in a sample, without using adequate standards. The monosialo deuterated GG are the only commercially available compounds to be used as internal standards to date (GM3d3, GM2d3 and GM1d3) and they unfortunately cannot be used as proper standards for other GG classes than GM3, GM2 and GM1, respectively. Most of the studies published in the literature do not actually use any internal standard (44) (45) (46) . Some have used GM3d3 for various GG classes (GM3, GM2, GD3 and GD2) in human plasma (36) or GM1d3 for GM2 in cells and plasma (47) valuable tools to use as internal standards for mass spectrometry analyses (48) . For quantification purposes, authors used commercial standards they considered to be representative of the GG molecular species present in their samples to spike their extracts. Giuffrida et al. used bovine milk GM3 and GD3 for quantification of GM3 and GD3 in human milk, respectively (46) . Huang et al. used bovine milk GM3 and GD3 and human brain GM2 and GD2 for the same GG classes in human plasma (36).
Fuller et al. used human GM2 standard for GM2 in human fibroblasts, leukocytes and plasma (47) .
However, most of them agreed that absolute quantification of the different GG molecular species would have required standards identical in structure (ceramide type) to the molecules to quantify to account for the variation in extraction during the sample preparation as well as in MS signal response.
Conclusion
Gangliosides, the most complex of the sphingolipids, so called as a reference to the legendary Sphinx because of their dual and mysterious nature, are far from having unveiled all their secrets. This is linked to the difficulties that GG analysis faces due to the complexity and heterogeneity of these molecules. We make here our contribution by reporting a comprehensive approach to analyze the wide diversity of GG in biological samples. Especially, we describe a targeted analytical method that allows for the determination of the individual molecular species distribution in each GG class. Moreover, using high resolution mass spectrometry, we describe further characterization of the ceramide moiety of GG molecules as well as identification of minor GG classes. Those methods provide the basis for a better understanding of the biological roles of GG, especially the roles of the ceramide variability, which remains so far quite unclear.
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